been proposed since the realization that Rad9 (or other checkpoint mediators) are critical for the PIKK-dependent phosphorylation of Chk2-like kinases in response to DNA damage. This second model suggests that the main role of Rad9 is to act as a protein that recruits Rad53 to Mec1. In this model, Rad9 acts as a bona fide signaling adaptor, which can be defined as a protein lacking known catalytic domains that physically link at least two other proteins to facilitate a signaling event [23] . However, direct biochemical evidence to support the adaptor model has remained elusive.
In this study, we investigated how Rad53 phosphorylation influenced its catalytic activation. By using mass spectrometry coupled to metal-affinity enrichment of phosphopeptides, we mapped unambiguously phosphorylation sites on Rad53 purified from cells subjected to DNA damage. Results from the mutational analysis of these sites are consistent with a model whereby PIKKs play a direct and essential role in converting a catalytically latent Rad53 enzyme to an active state by phosphorylating multiple sites on Rad53. Furthermore, we have tested the adaptor model in biochemical reconstitution assays by using purified Mec1, Rad53, and Rad9, and our results indicate that Rad9 acts as a signaling adaptor necessary for efficient Rad53 phosphorylation by Mec1. Because MDC1, Brca1, and 53BP1 are analogous to Rad9 in many respects and are required for multiple PIKK phosphorylation events, our work supports a model whereby BRCT domain-containing checkpoint mediators act as PIKK were generated alone or in combination to yield the We also noticed that in stark contrast to the lack of independent phosphorylation event requires Rad9 residues necessary for its interaction with Rad53. Thus, a DNA damage-induced mobility shift displayed by Rad53 in the rad53 FHA1,2 strain ( Figure 1B , lane 10, botthe kinase-dead rad53 D339A allele was introduced in a RAD9 + strain, a strain lacking RAD9 (rad9⌬), or in a tom), Rad53
D339A displays a noticeable mobility shift af-rad9 9TA strain that harbors mutations in nine TQ motifs tion (Table S1 ). However, we also noted four additional sites that contain a hydrophobic residue immediately required for the phosphorylation-dependent Rad53-after the phosphoacceptor residues (S/T-ψ; where ψ is Rad9 interaction [7] . As shown in Figure 1C , the DNA either Ala, Val, Ile, Leu, Phe, or Trp residues), a motif damage-induced phosphorylation of the Rad53 D339A that is found phosphorylated by PIKKs in vitro and in protein in G1 (a cell cycle phase where Rad53 activavivo (see [29] ). Of the remaining five sites, one appears tion is totally dependent on RAD9) is totally abolished to be a proline-directed site (S375), perhaps indicative in the rad9 9TA strain, indicating that this Rad53 kinaseof Cdk-dependent phosphorylation. As for the 13 sites independent phosphorylation event is entirely depenfound solely in the Rad53 wt sample, we predict that dent on a functional Rad9-Rad53 interaction. Furthermost correspond to autophosphorylation sites. Satisfymore, as described in the Supplemental Data available ingly, two of the 13 sites (S350 and T354) map to the with this article online, this phosphorylation step is depredicted activation segment of Rad53 (Table S1 and pendent on Mec1 and generates phospho-S/T-Q epi- Figures 2D and 2E) , a functionally relevant motif in kitopes, suggesting that Mec1 may be the protein kinase nases that is often phosphorylated. In addition, many responsible for this phosphorylation event ( Figure S1 D339A alleles under the control of the ylation sites play a critical role in catalytic activation of inducible GAL1/10 promoter into a rad53D sml1 strain Rad53, we mutated each of the 14 phosphorylation to facilitate purification. The C-terminal FLAG epitope sites individually or in pairs. Rad53 catalytic activity does not alter Rad53 function as the RAD53-FLAG was then evaluated by ISA, mobility shift on SDS-PAGE, plasmid restores tolerance to DNA damage when inand by examining the ability of the phosphorylation site troduced in a rad53D strain ( Figure S2 ). Rad53-FLAG mutants to complement the DNA damage sensitivity of and Rad53 D339A -FLAG were both immunopurified from the rad53D sml1 strain. None of the single or double site 4-NQO-treated, asynchronously dividing cells to idenmutants displayed sensitivity to DNA damage or loss tify phosphorylation sites that are dependent or indeof catalytic activity, as measured by ISA (Figures 3A and pendent of Rad53 catalytic activity according to the 3B and data not shown). However, mutation of residues scheme described in Figure 2B . S485/489 (Rad53 A1 ) and S560/563 (Rad53 A5 ) leads to a After immunopurification ( Figure 2C ), Rad53-FLAG or reproducible reduction in Rad53 mobility shift after Rad53 D339A -FLAG was digested with trypsin or a com-DNA damage, suggesting that these sites are indeed bination of trypsin-Glu-C or trypsin-chymotrypsin prophosphorylated in vivo ( Figure 3B , bottom). teases. The resulting peptides were split in two aliquots.
Next, we considered the possibility that multiple sites One aliquot was analyzed by tandem mass spectromecontribute to Rad53 kinase activation. Therefore, we try to estimate protein coverage. Our analysis indicates combined phosphorylation site mutations and analyzed that we obtained peptide coverage of 74.7% of the total their phenotypes, as described above. To our surprise, protein sequence (data not shown). The other aliquot even though we could nearly abolish the mobility shift was enriched for phosphopeptides by passing the pepof Rad53 after DNA damage when we mutated a total tide mixture over a Fe (III)-IMAC column, and phosphorof six sites (Rad53 A6 mutant), its activity as measured ylation sites were identified by tandem mass spectromby ISA ( Figure 3B , top) and DNA damage sensitivity etry [28] . By using this method, we unambiguously ( Figure 3C ) remained similar to wt levels. However, detected 42 phosphorylated peptides (Tables S1-S3) when we mutated additional residues resulting in mutarepresenting 14 sites on the Rad53 D339A sample (Figure tions of eight or nine of the 14 sites (e.g., the Rad53 A8 2E). In addition to identifying phosphopeptides correor Rad53 A9 mutants), we reached a critical point where sponding to most of the sites found on the Rad53
D339A
Rad53 cannot be converted into an active protein kisample (boxed residues, Figure 2E ), we identified 13 nase after exposure to DNA damaging agents, as demadditional sites on the wild-type protein ( Figure 2E) .
onstrated by the lack of activity in the ISA ( Figure 3B , Analysis of the phosphorylation sites mapped on top) and DNA damage sensitivity ( Figure 3C ). These reRad53 D339A reveals that five of the 14 sites mapped sults suggest that Rad53 activation is dependent on the contribution of multiple phosphorylated residues. conform to the S/T-Q consensus for PIKK phosphoryla- D339A sample (sites above the drawn Rad53 molecule) and wt Rad53 (sites below). Boxed residues represent sites that we also found in the wt Rad53 sample. Sequences of the sites are found in Table  S1 ; full sequences of the corresponding peptides in which these sites were identified can be found in Table S3 . Figure 4E, lanes 5 and 8) .
Rad9-Rad53 interaction essential for Rad53 activation In vivo, Rad53 is efficiently phosphorylated in a in vivo. RAD9-dependent manner and in a Rad53 FHA domaindependent manner (Figure 1) Figure 5B); and (3) Rad53 phosphorydescribed above. Satisfyingly, we unambiguously idenlation by Mec1 is inhibited by the PIKK inhibitor tified 13 sites, seven of which were also identified in wortmannin ( Figure 5D ). We therefore conclude that vivo ( Figure 6C and Table S2 ). Of these seven sites, two Rad9 facilitates Rad53 phosphorylation by Mec1 in correspond to S/T-Q sites, three to S/T-ψ sites, and two vitro.
to S-S motifs (Table S2) . Interestingly, some of the sites Two possible models can explain the observed effect mapped in our in vitro kinase reactions were previously of Rad9 on Rad53 phosphorylation by Mec1. Firstly, mapped on wt Rad53 and not on Rad53 D339A (see Table  Rad9 may directly stimulate Mec1 catalytic activity. If S1 and Figure 2E ), perhaps indicating that some sites this is the case, one would expect that phosphorylation were missed in our analysis of the Rad53 D339A sample. of other substrates such as PHAS-I may also be stimTherefore, we conclude that we are, at least partially, ulated by Rad9. Secondly, Rad9 may act as an adaptor able to reconstitute the phosphorylation of Rad53 ob-(or scaffold) to bring Rad53 in close proximity to Mec1. served in vivo after DNA damage. Overall, the reconstiTo test the first model, we examined the effect of Rad9 tution assays described herein support the adaptor on the phosphorylation of PHAS-I by Mec1. As shown model for Rad9 function, indicate that Mec1 directly in Figures 5B and 5C As the founding member of the group of checkpoint assay described above but in some reactions submediator proteins, the elucidation of the function of stituted Rad53 D339A with a mutant version of this proRad9 may bring new light to the role of checkpoint metein incorporating the R70A and R650A mutations, diators in checkpoint signaling. In this study, we found which disable the Rad53-Rad9 interaction in vivo that direct phosphorylation of Rad53 by Mec1 is re-(Rad53 D339A, FHA1,2 ). As shown in Figure 5D (lane 8), the quired for its catalytic activation. Furthermore, based Rad9 stimulation of Rad53 phosphorylation clearly reon biochemical reconstitution experiments, our results quires the Rad53-Rad9 phospho-dependent interacsuggest that an important role of Rad9 in Rad53 activation, as mutation of the Rad53 FHA domains completely tion is to promote phosphorylation of Rad53 by its upabrogates the effect of addition of Rad9. Secondly, we stream activator, Mec1. In that sense, the function of examined whether dephosphorylation of Rad9 (Figures Rad9 in Rad53 activation is more akin to classical sig-S3B and S3C) prior to kinase assays affects its ability naling adaptors. To our knowledge, our data present to stimulate phosphorylation of Rad53 by Mec1. As the first direct biochemical evidence supporting the shown in Figure 5E , phosphorylation of Rad9 is essenadaptor model of checkpoint mediator function. Howtial for its ability to stimulate Rad53 phosphorylation by Mec1. We therefore conclude that Rad9 stimulates ever, our data do not exclude a mixed model whereby [38, 39] . In human cells, T68 phosphorylation of Chk2 by ATM is thought protein phosphorylation is often used as a catalytic switching mechanism by protein kinases [36] . After Mec1 to promote the formation of Chk2 multimers, which are then competent to autoactivate via trans autophosphosphorylation, Rad53 autophosphorylates itself on many residues, including S350 and T354 in the activaphorylation [40] . The formation of these multimers is dependent on the Chk2 FHA domain. However, in the tion segment. We propose that activation segment autophosphorylation completes the Rad53 activation procase of Rad53, the analogous residues appear rather to be involved in the interaction with Asf1 and Dun1 cess, as in most kinases [37] . Active Rad53 is finally released from Rad9 Furthermore, despite detecting the phosphorylation of the autophosphorylation outside the activation segment remains to be ascertained, but it is tempting to speculate analogous T12 and T15 residues in bacterially produced hyperphosphorylated Rad53, we have failedthat at least some of these sites promote the release of Rad53 from Rad9 or promote the phosphorylationdespite multiple attempts-to detect any phosphorylation on these residues from Rad53 purified from yeast dependent Rad53-Dun1 interaction. subset of protein domains and target motifs to construct elaborate signaling networks. In such networks, phosphorylates Brca1 in vitro and in vivo on residue Ser1542 at a S-G motif [44] . In addition, DNA-PK phosadaptors also act as regulatory nodes where signaling can be regulated via signal-dependent protein-protein phorylates the Ku heterodimer on a number of sites that do not conform to the Ser/Thr-Gln consensus [29] . Why interactions. Based on the above considerations and on the fol-S/T-ψ phosphorylation is observed on some substrates and not on others is puzzling. S/T-ψ may represent lowing observations, we propose that Rad9 acts as a bona fide signaling adaptor during the DNA damage suboptimal PIKKs phosphorylation sites, and their
